Summary Background Immunotherapy is emerging as the cornerstone for treatment of patients with advanced cancer, but significant toxicity (immune-related adverse events [irAEs]) associated with unbridled T cell activity remains a concern. Patients and methods A retrospective review of the electronic medical records of 290 patients with advanced cancer treated on an immunotherapy-based clinical trial in the Department of Investigational Cancer Therapeutics at The University of Texas MD Anderson Cancer Center between February 2010 and September 2015 was performed. Clinical and laboratory parameters were collected to determine the incidence of irAEs, risk factors, and their association with treatment outcomes. Results Ninety eight of 290 patients (34%) experienced any grade irAEs. Among the 15 (5.2%) patients with grade ≥ 3 irAEs, the most common irAEs were dermatitis and enterocolitis. Although 80% of the patients with grade ≥ 3 irAEs required systemic corticosteroids, all the 15 patients recovered from the irAEs. On re-challenge, 4 of the 5 patients who had received systemic corticosteroids for irAE continued to respond. There were no irAE-related deaths. Importantly, patients with grade ≥ 3 irAEs had improved overall response rate (25 vs. 6%; p = 0.039) and longer median time to progression (30 weeks vs. 10 weeks; p = 0.0040) when compared to those without grade ≥ 3 irAEs. Conclusion Incidence of irAEs with immunotherapeutic agents indicates an active immune status, suggestive of potential clinical benefit to the patient.
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Introduction
The coming of age of immunotherapy as a treatment paradigm for oncology has opened up intriguing avenues for further research [1] . Notably, modulation of immune inhibitory pathways using checkpoint inhibitors has produced sustained clinical responses in a subset of patients, leading to their accelerated approval by the U.S. Food and Drug Administration for treatment of cancers as diverse as melanoma, renal cell carcinoma, non-small cell lung cancer, Hodgkin lymphoma, and squamous cell carcinoma of head and neck [2] . Remarkable responses have also been reported in other tumor types [3] [4] [5] [6] . However, despite the dramatic rise in clinical utility of immunotherapeutic agents that include immune checkpoint inhibitors and cytokine-and vaccine-based treatments [1] , disruption in immune homeostasis produces a unique spectrum of side effects collectively termed as immune-related adverse events (irAEs) [7] . The most common irAEs are dermatitis, enterocolitis, hepatitis, transaminitis, hypophysitis, thyroiditis, pneumonitis, and uveitis [8] . These irAEs are very different from the side effects produced by chemotherapeutic agents in that they may rapidly progress to life-threatening events if not treated promptly and vigorously.
The incidence and type of irAEs vary with the immunotherapeutic agent and duration of therapy [7] . For example, there are considerable differences in the safety profiles of cytotoxic Tlymphocyte-associated antigen-4 (CTLA-4) inhibitors and programmed death-1 (PD-1) pathway inhibitors. The reported incidence of any grade irAEs ranges from 60 to 70% in patients treated with ipilimumab [9] as compared to 39-41% on PD-1 inhibitors [10, 11] , and the incidence of grade 3-4 irAEs is higher with ipilimumab (15%) [9] compared to non-CTLA-4 checkpoint inhibitors (5-6%) [10, 11] (p < 0.001) [12] . In addition, certain irAEs may be more common with specific agents. For example, gastrointestinal disorders such as diarrhea and colitis are more frequent with ipilimumab [13] , while vitiligo is frequently reported with pembrolizumab [14] [15] [16] and symptomatic pneumonitis with nivolumab [17] [18] [19] [20] . Cytokine therapies such as interferon produce constitutional symptoms such as fever, fatigue, headache, and myalgia, though less frequently than irAEs seen with checkpoint inhibitors [21] . And, cancer vaccines are the least toxic with minimal irAEs [7] . In addition, the median time to onset of irAEs may vary with different immunotherapeutic agents (e.g. ipilimumab: 40 days vs. pembrolizumab: 64 days) [22] . In contrast, the adverse events (AEs) associated with vaccine therapy occur within 24 h of infusion and last for 1-2 days [23] . Furthermore, the incidence of irAEs increases with increasing dose of ipilimumab [24] whereas; they are independent of the dose with PD-1 inhibitors [25, 26] . Thus, irAEs vary widely in clinical presentation depending on the immunotherapeutic agent.
Enhanced awareness to irAEs is critical as prompt recognition and initiation of treatment for irAEs have important clinical implications on treatment outcomes. Most irAEs are low-grade and can be treated with administration of corticosteroids and/or interruption of therapy [27] . However, severe irAEs may produce substantial morbidities requiring other immunosuppressive measures and prolonged hospitalization. Furthermore, rapid deterioration and irAE-related deaths have been reported with immunotherapeutic agents [9, 11, 28, 29] . Therefore, early detection and judicious management of irAEs is critical for improved treatment outcomes in patients on immunotherapy-based clinical trials.
With increasing use of immunotherapeutic agents in the clinic, the challenges associated with irAEs cannot be ignored. Therefore, it is extremely important for physicians to have awareness and a high index of suspicion for early recognition and prompt treatment of irAEs. Thus, dissemination of this knowledge among health care professionals is a priority. In this article, we report the incidence of irAEs in patients with advanced cancer treated with immunotherapeutic agents, associated risk factors, and treatment outcomes in the context of irAEs.
Patients and methods

Patients and samples
We conducted a retrospective analysis of patients enrolled in early clinical trials that included at least 1 immunotherapy drug conducted by the Department of Investigational Cancer Therapeutics (phase I clinical trials program) at The University of Texas MD Anderson Cancer Center (MD Anderson) between February 2010 and September 2015. The retrospective study was approved by the Institutional Review Board (IRB) at MD Anderson and the requirement to obtain informed consent was waived. However, all patients provided written informed consent before enrollment on an IRB-approved clinical trial during this period. Patients who provided written informed consent but did not start the clinical trials were excluded.
Two investigators (TF and MAB) independently reviewed the electronic medical record to collect patient-specific information, including age at the time of trial enrollment, gender, tumor type, number of metastatic sites, Eastern Cooperative Oncology Group performance status, therapeutic regimen, duration of treatment, drug-related AEs with grades, irAEs with grades, imaging, and laboratory results. Any disagreements in data extraction were resolved through discussion with a third investigator (AN). irAEs irAEs were defined as unique AEs typically not seen with chemotherapeutic or targeted agents that had a potential immunologic basis that required more frequent monitoring and potential intervention with immune suppression or endocrine therapy. This includes dermatitis, diarrhea, enterocolitis, pneumonitis, hypothyroidism, thyroiditis/hyperthyroidism, hypophysitis, vitiligo, autoimmune hepatitis, elevated liver function tests, adrenal insufficiency, reactivation of hepatitis B and/or C, reactivation of HIV, uveitis, pancreatitis, nephritis, Guillain-Barre syndrome, myasthenia gravis, Stevens-Johnson syndrome, pleuritis, and myositis, all of which were attributed as related to immunotherapy by the treating physician. Injection site reaction and fever were not considered as irAEs.
Statistical analysis
Standard descriptive statistics were used to summarize all variables. All AEs were graded using the National Cancer Institute Common Terminology Criteria for Adverse Events v4.0 [30] . Investigators specified whether an AE was considered to be treatment-related and/or immune-related. Responses to treatment were categorized per Response Evaluation Criteria in Solid Tumors 1.0 criteria [31] and were reported as best response. Time to progression (TTP) was defined as the interval from the date of cycle 1 day 1 of the clinical trial until the date of disease progression or censoring. Patients who did not have disease progression were censored at the time of last follow-up, initiation of the next treatment, or death, whichever came first. Overall Survival (OS) was defined as the interval from the date of cycle 1 day 1 of the clinical trial until death. Patients still alive were censored at the time of last follow-up. The Fisher exact test was used to determine the association between categorical variables. Receiver operating characteristic curve analysis was used to assess the predictive ability of baseline biomarkers to identify patients at risk for irAEs. Kaplan-Meier method was used to analyze TTP and OS and between groups comparison was done using log-rank test. All tests were 2-sided, and P < 0.05 was considered statistically significant. All statistical analyses were carried out using TIBCO Spotfire S+ Version 8.2 for Windows.
Results
Patient characteristics and treatment
A total of 290 patients with advanced cancer participated in a clinical trial that included at least one immunotherapeutic agent. The patients' baseline characteristics are summarized in Table 1 . Seventy percent (n = 204) of patients received monotherapy that included checkpoint inhibitors (n = 64), cytokine therapies (n = 87), and cancer vaccines (n = 53), while 86 patients (30%) received combination therapies. Of the 86 patients who received combination therapies, 63 (73%) received checkpoint inhibitor-based combination treatment with targeted therapy (n = 35), immunomodulating agents (n = 18), cytokines (n = 5), radiation (n = 4), or chemotherapy (n = 1). Of the remaining 23 patients (27%), 15 received a combination of cytokine and chemotherapy and 8 received a combination of cytokine and targeted therapy.
Incidence of irAEs
Of the 290 patients who were on an immunotherapy-based clinical trial, 98 patients (34%) reported an irAE, mostly grade 1 or 2. The most common among them were dermatitis (n = 57), hypophysitis (n = 18), elevated liver function tests (n = 17), and diarrhea (n = 15). There were no irAE-related deaths in our study.
Grade 3 or 4 irAEs
Fifteen (5.2%) patients reported grade 3 or 4 irAEs (Table 2) , which included dermatitis (n = 4), enterocolitis (n = 3), autoimmune hepatitis, myositis, myasthenia gravis (n = 2 each), and, elevated liver function tests, pneumonitis, pleuritis, and pancreatitis (n = 1 each). One patient with renal cell carcinoma who received a checkpoint inhibitor had 3 different grade ≥ 3 irAEs. Grade ≥ 3 irAEs occurred in 10 of 122 patients who were on a clinical trial that included a checkpoint inhibitor (8%), 4 of 110 (4%) on a clinical trial that included a cytokine therapy, and 1 of 53 (2%) on a cancer vaccine clinical trial.
All grade ≥ 3 irAEs resolved with appropriate intervention. Of the 15 patients with grade ≥ 3 irAEs, 1 discontinued therapy following grade 4 pancreatitis. Of the remaining 14 patients, 12 (86%) received systemic steroid therapy including a patient who required intravenous immunoglobulin for myasthenia gravis, and 2 received topical steroids for grade 3 dermatitis (Table 2 ). In addition, the immunotherapeutic agent was discontinued in 4 of the 14 patients. Of the 10 patients in whom the immunotherapeutic drug was temporarily held, 7 were rechallenged with the immunotherapeutic agent (two with dose modification), and no irAEs were reported. Three patients were not re-challenged as they came off the study for disease progression (n = 2) and due to personal reasons (n = 1).
Treatment outcomes associated with irAEs
Of the 290 patients, 264 were evaluable for response at the time of data cut-off. Patients with grade ≥ 3 irAEs had significantly improved overall response rate (ORR; CR + PR), disease control rate (DCR; CR + PR + SD), and TTP than patients without. The ORR was 25% (3 of 12 evaluable) in patients with grade ≥ 3 irAEs compared to 6% (15 of 252 evaluable) in patients without (p = 0.039). The DCR was also higher in patients who had grade ≥ 3 irAEs compared to those without (67 vs. 21%; p = 0.001). Of the 12 patients with grade ≥ 3 irAEs evaluable for response, 1 had CR, 2 had PR and additional 5 had SD. Majority of these patients had progressed on a prior therapy. Importantly, despite the use of systemic corticosteroids for management of irAEs, patients continued to have clinical benefit. Of 5 patients rechallenged after receiving systemic corticosteroid for irAE, all 4 evaluable for response continued to respond (CR = 1, PR = 1, SD = 2).
Further, Kaplan-Meier estimates of TTP were significantly longer in patients who had grade ≥ 3 irAEs (Fig. 1) . The estimates of median TTP was 30 weeks for patients with grade ≥ 3 irAEs compared to 10 weeks for those without 
Factors associated with grade ≥ 3 irAE
The following baseline variables were evaluated for association with grade ≥ 3 irAEs: total white blood cells, absolute neutrophil count, absolute lymphocyte count, hemoglobin, platelet count, lactate dehydrogenase, albumin, total bilirubin, alanine transaminase, aspartate transaminase, sodium, potassium and calcium. But, none were associated with grade ≥ 3 irAEs.
Discussion
Despite these promising results with immunotherapy, significant morbidity due to irAEs may be a limiting factor [7] . As irAEs quickly progress to life-threatening condition if not treated promptly [32] , early detection of irAEs is critical to maximize the clinical benefit associated with these agents. This emphasizes the need for increased awareness among physicians and patients alike. Overall, in our study, the immunotherapy-based regimens were well tolerated. Of the 290 patients treated on an immunotherapy-based clinical trial, 34% had irAEs of anygrade. Fifteen patients experienced grade 3-4 irAEs. Consistent with published data [7] , most of the irAEs were seen in patients treated with immunotherapy regimens that included a checkpoint inhibitor while patients treated with cancer cell-derived vaccine experienced the least irAEs. Enhanced understanding of irAEs, anticipation, and strict adherence to toxicity management algorithms by treating physicians in our institution may possibly explain the low number of patients with grade ≥ 3 irAEs.
Most irAEs are reversible with immediate and appropriate intervention [13, 33] . In our study, approximately 80% of patients with grade ≥ 3 irAEs required the use of systemic steroids (Table 2) . Only one patient with RCC treated with a checkpoint inhibitor, received intravenous immunoglobulin for management of grade 3 myasthenia gravis. Nevertheless, all 15 patients with grade ≥ 3 recovered with supportive treatment and/or systemic corticosteroids. Interestingly, emerging data suggest that use of systemic corticosteroids or additional immunosuppressive agent such as anti-tumor necrosis factor α (anti-TNFα) for management of irAEs does not negate the clinical activity or the survival benefits derived from the immunotherapeutic agents [34] [35] [36] . In a retrospective study of 298 melanoma patients treated with standard dose of ipilimumab, 85% experienced an irAE of any grade [34] . Though onethird of the patients required systemic corticosteroid treatment and 10% required anti-TNFα immunosuppression, no difference in OS or time-to treatment failure was observed between patients who received corticosteroid or anti-TNFα immunosuppression for irAEs and those who did not. In our study, 80% of the patients with grade ≥ 3 irAEs required systemic corticosteroids. However, all the patients evaluable for response on re-challenge continued to respond. Thus, judicious use of immunosuppressive agents along with supportive measures not only helps to resolve the irAEs, but also helps the patient to stay longer on the therapy and experience clinical benefit.
The most striking finding in our study is the association between irAEs and improved treatment outcomes. The ORR and DCR were significantly higher in patients with grade ≥ 3 irAEs, most of who had progressed on a prior therapy. Furthermore, based on Kaplan-Meier estimates we observed that patients with grade ≥ 3 irAEs had significantly prolonged median TTP than those without. Our results are concordant with those from some early phase clinical trials that suggest an association between irAEs and treatment outcome [15, [35] [36] [37] [38] [39] [40] [41] . Attia et al. reported that clinical response to anti-CTLA-4 antibody plus peptide vaccination was seen in 36% of patients with grade ≥ 3 irAEs compared to 5% of those without irAEs (p = 0.008) [35] . In a retrospective study of 148 melanoma patients treated with nivolumab, the median OS was significantly longer in patients who had any irAE versus those who did not (p ≤ 0.001) [38] . Subset analysis showed that OS was significantly longer in patients who developed rash (HR, 0.423; 95% CI, 0.243 to 0.735; p = 0.001) and vitiligo (HR, 0.184; 95% CI, 0.036 to 0.94; p = 0.012). ORR was also significantly higher in patients with rash (p = 0.03) or vitiligo (p = 0.009). Similarly, in another prospective study evaluating pembrolizumab in treatment of melanoma patients, objective response was higher in patients who developed vitiligo than those who did not (71 vs 28%, p = 0.002) [15] . Further, in a meta-analysis of 27 studies [40] in melanoma patients treated with various immunotherapeutic agents, vitiligo was significantly associated with both improved progression-free survival (PFS) (HR, 0.51; 95% CI, 0.32 to 0.82; P = 0.005) and OS (HR, 0.25; 95% CI, 0.10 to 0.61; P = 0.003). Though most studies are limited to melanoma patients, similar improvement in response rate was reported in patients with renal cell cancer treated with ipilimumab [41] . The response rate was higher in patients who had significant toxicities, predominantly enteritis and hypophysitis, than the response rate in those without toxicities (30 vs 0%; p = 0.0007). These findings from large clinical development programs suggest that irAEs may be an indicator of the immune status of the patients and may serve as a surrogate marker of response to treatment with immunotherapeutic agents.
Though the majority of irAEs resolve with established algorithms, they are increasingly recognized as a cause for dose modification or discontinuation of an otherwise beneficial therapy. For example, the combined administration of ipilimumab plus nivolumab produced significantly improved response rates, higher DCR, longer PFS, and more durable responses than either agents alone, irrespective of programmed death-ligand 1 (PD-L1) expression or BRAF status, in treatment-naïve melanoma patients [42] . However, 36.4% of patients on combination therapy, 7.7% on nivolumab and 14.8% on ipilimumab monotherapy discontinued the treatment due to treatment-related AEs. Though biomarkers to delineate patients who are likely to experience irAEs may be beneficial, there are currently no well-defined metrics that would allow for risk-stratification of patients receiving immunotherapeutic agents. Therefore, we sought to investigate the clinical and laboratory variables to find out if readily available parameters were predictive of toxicity to immunotherapeutic agents. However, none of the 13 parameters investigated were predictive for the development of irAEs. In earlier studies, an association between on-treatment increase in interleukin 17 levels and absolute eosinophil count from baseline and the occurrence of irAEs have been reported [43, 44] . However, their reproducibility in large, multi-center trials is unknown. Recently, in a retrospective study in patients with prostate cancer treated with ipilimumab, CD8 T cell clonal expansion in peripheral blood samples was found to precede the development of grade 2-3 irAEs [45] . But, this finding has not been validated in a large prospective study yet. With recent increase in the use of checkpoint inhibitors in the clinic, the absolute burden of irAEs undoubtedly will rise. Thus, there is a critical need to develop sensitive and robust markers to identify patients who are at an increased risk for irAEs with immunotherapeutic agents.
Our study has some potential limitations. First, it is a retrospective study, and although it included 290 patients, the results have to be interpreted with caution due to the heterogeneous nature of the study population and different treatment regimens. Second, all patients were treated in early phase clinical trials, and some of these patients were in the dose-escalation phase of the trial and received a low dose of drug. Third, in the absence of an objective definition for irAE, the incidence may vary from one institution to another.
In conclusion, the unique class of toxicities seen with immunotherapies, checkpoint inhibitors in particular, is like a double-edged sword. If not treated promptly and vigorously, irAEs may be life threatening. Paradoxically, irAEs have been associated with improved treatment outcomes, suggestive of an active immune status. Thus, management of irAEs presents a challenge to the treating physician. With increasing use of immunotherapeutic agents in the clinic in recent years, increased awareness and early recognition is necessary for effective management of irAEs and improved treatment outcomes. Emerging data suggest that changes in symptoms burden often serve as an early indicator of toxicity [46] . Therefore, incorporation of patient-reported symptoms, development of biomarkers to identify patient at risk for irAEs, and validation of the association between irAEs and improved treatment outcomes with immunotherapeutic agents in a large prospective study is urgently needed.
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